The effect of carbonation (1000 and 2000 ppm) on whole milk concentrate and the resultant 13 spray dried whole milk powder (WMP) was investigated in this research. Carbonation was 14 found to produce WMP with reduced surface fat content, dispersibility, solubility and true 15 density, and increased occluded air content. During accelerated storage at 37 °C for 18 weeks, 16 the surface coverage of fat on powder particles increased from 51, 29 and 8 to 94, 88 and 69 % 17 (WMP without treatment and treated with 1000 ppm and 2000 ppm CO2 respectively) due to 18 the release and spreading of encapsulated fat. In addition to the release of fat onto the surface, 19 microscopy observations showed the migration of free fat into the powder particle vacuoles. 20
The solubility (Standardization, 2005) , dispersibility (Standardization, 2014) and wettability 131 (Standardization, 2014) of the powders was determined as per the International Organization 132
for Standardization (ISO, Geneva) standards with slight modifications (due to the limited 133 quantity of powder). Nevertheless, similar ratios between powder and water were maintained. 134
Powder physical properties 135
Loose and tapped bulk density of powder are defined as the weight of powder divided by the 136 volume it occupies when loosely poured into a container and after being tapped 100 times, 137 respectively (Niro, 2006a) . The weight and volume of the powders were recorded after being 138 poured into a 100 mL measuring cylinder and tapped 100 times against a table from 139 approximately 10 cm height. 140
True density of powder is defined as the mass of particles per unit volume (Niro, 2006a) . A 141
Quantachrome Multipycnometer (Quantachrome Instruments, Florida, USA) was used to 142 determine the true density of milk powders. The pycnometer was operated using nitrogen gas 143 at 1.2 kPa. 144
Occluded and interstitial air are defined as the difference between the volume of particles at a 145 given mass and the volume of the same mass of air-free solids and of powders tapped 100 times, 146 respectively. The occluded and interstitial air contents of milk powder were calculated using the 147 formulas described by GEA Niro (Niro, 2006b) . 148
Fat analysis 149

Free fat extraction 150
Free fat extraction from milk powder followed the procedures described elsewhere (Kim et al., 151 2002; Vignolles et al., 2007) with some modifications. Milk powder (2 g) was weighed and 152 mixed with 50 mL petroleum spirit for 5 minutes. The solvent was separated by filtration using 153 M A N U S C R I P T
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Encapsulated fat extraction 158
The encapsulated fat in the milk powder was extracted following the procedures described by 159 other authors (Kim et al., 2002; Vignolles et al., 2007) . Milk powder recovered after free fat 160 extraction was weighed, then warm water was added. The warm mixture was vortexed to 161 completely rehydrate the powder and release the encapsulated fat. A solvent mixture made of n-162 hexane and 2-propanol (3:1 ratio v/v) was added and vortexed to extract the fat. The solution 163
was then centrifuged (1000 x g for 15 minutes) and the organic phase was filtered into a round-164 bottom flask. The aqueous phase was re-extracted with the solvent mixture and the collected 165 organic phase was totally evaporated. Then, the solvent-free flask was dried in the oven. 166
Encapsulated fat percentage is the ratio between the weight of extracted fat and the powder. 167
Total fat extraction 168
Total fat was extracted from 2 g of milk powder following the same procedure used for the 169 extraction of encapsulated fat described in section 2.6.2. 170
Structural and surface properties of the powders 171
Confocal Laser Scanning Microscopy 172
Milk powders were analyzed by CLSM using a Zeiss LSM 700 confocal microscope (Carl Ziess 173
Ltd. New South Wales 2113, Australia). Both the dyes, nile red and rhodamine B obtained from 174 Sigma Aldrish, Australia were used at a concentration of 0.1 g.L -1 in PEG 200, to label fat and 175 proteins, respectively (Auty et al., 2001) . A ratio of 1/100 (dye/powder) was used to stain the 176 powders for 10 minutes before imaging. Observations were done with a 63x oil-immersion 177
objective. An argon laser was used to excite nile red and rhodamine B at wavelengths of 488 and 178 555 nm, respectively. Each micrograph is a representative of at least 10 images of each sample. 179
Scanning Electron Microscopy 180
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removed with gentle tapping. Coating was done with platinum (Q150T Turbo-Pumped Sputter 184
Coater, ProSciTech Pty Ltd, Queensland, Australia) for 2 minutes (~ 10 nm thick). 185
XPS 186
Surface elemental composition of WMP (5-6 nm surface depth) was measured by X-ray 187
Photoelectron Spectroscopy (XPS). Spectra were obtained with a KRATOS Axis Ultra X-ray 188 photoelectron spectrometer (Kratos Analytical, Manchester, UK) equipped with a 189 monochromated Al Kα X-ray (hν = 1486.6 eV) operated at 150 W. Spectra were collected at 190 normal take-off angle (90°), and the analysis area was 700 × 300 μm 2 . Data analysis was done 191 using Casa software. 192
The relative atomic percentages of the elements (C, O, N, Ca and P) were used (via a matrix 193 formula) to determine the relative amounts of protein, fat, lactose and mineral on the surface of 194 the powders. The method is based on elemental ratios of the pure components in the sample 195 determined by XPS (Gaiani et al., 2006; Kim et al., 2002; Nikolova et al., 2015) . The matrix 196 assumes that this ratio is a linear combination of elemental ratios of the pure components that 197 constitute the sample. In this work, the following real values were used: for lactose (C=61.6; 198 O=38.4; N=0); for proteins (C=68.2; O=18.5; N=13.3); for fat (C=87.0; O=12.3 and N=0.7) (Gaiani 199 et al., 2006) . 200
Statistical analysis 201
Statistical analyzes (ANOVA and regression) were performed using Minitab 17 software 202 (Minitab Pty Ltd., Sydney, Australia) with 95 % level of confidence. were much larger in size than the spray dried powders. It was visualised that the commercial 211 WMP have a relatively smooth surface, similar to that observed by Kim et al., (2002) and 212 Murrieta Pazos et al., (2012) . The higher magnification images (Figures 1 -A2 ) have also 213
showed some pores present in the commercial WMP structure. However, for both of the spray 214 dried powders in this research, cracks or pores were not visible due to the relatively fine size. In 215 turn, many small particles were observed being attached to the bigger particles, which 216 presented a few dents and folds on the surface. 217
In addition, the outer structure of industrial WMP seemed to change quickly over time. As seen 218
in Figures 1 -C1 and C2, after 18 weeks of storage, the surface of industrial WMP was not as 219 smooth as the fresh powders with some cracks and pores clearly visible on the surface of aged 220 industrial powders. However, no significant changes were visible in the untreated and treated 221
WMPs during storage. 222
Confocal Laser Scanning Microscopy observations 223
After fat and protein labelling, the distribution of fat and inner structures of the powders were 224 analyzed with CLSM. For the fresh commercial WMP, small fat globules were seen uniformly 225 distributed in the particles (Figure 1 -A3 ) while with fresh spray dried WMP, small and large 226 fat globules were irregularly distributed (Figures 2 and 3 -A3) . The particles are also seen 227 surrounded with red protein layers, while surface fat layers (quantified later by XPS) were not 228 visible due to the low CLSM resolution (Vignolles et al., 2007) . Nevertheless, greater amount of 229 vacuoles were observed in the spray dried powder particles than the commercial powders. The 230 treated WMP particles (2000 ppm CO2) were noted to have larger vacuoles than the untreated 231
WMP. 232
Some significant modifications in the internal structure of powder particles were observed 233 during storage. Larger globules and irregular distribution of fat was visible in the aged 234 industrial powders. Moreover, free fat was seen exuding out of the particles in 6 and 18 weeks 235 of accelerated storage (Figures 1 -B3 and C3 ) and created interparticular bridges on theM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 2006; Ye et al., 2007) . These microscopy observations were consistent with those reported 238 elsewhere (Kim et al., 2002) . Several authors have also agreed that an increase in temperature 239 will cause the melting of some fats and consequently increase the formation of liquid bridges 240 that are detrimental to the powder functional and physical properties (Buma, 1971; Fitzpatrick 241 et al., 2004; Thomas et al., 2004) Twelve z-stack CLSM images were also obtained for better visualisation of the internal 248 distribution of fat in each powder after 6 weeks of storage (Figure 4) . From these images, the 249 commercial WMP was observed to contain free fat at the surface and in the pores, while very 250 few or no vacuoles were present. In comparison to the spray dried WMP in this work, the lack of 251 vacuoles in the commercial WMP have caused fats to migrate towards the surface. 252 3.2. Effect of CO2 treatment on powder surface composition during storage 253
Effect of carbonation on fresh WMP 254
CO2 treatment of milk concentrates was found to affect the surface atomic composition of the 255 resulting powders analyzed by XPS. As described in Table 1 , carbonation has significantly 256 increased the amount of surface nitrogen and minerals. Moreover, increasing the concentration 257 of CO2 from 1000 to 2000 ppm have further increased the amount of surface nitrogen of the 258 resulting powders (4.82 to 5.89 %). The increase in nitrogen content suggested an increase in 259 protein surface content as confirmed in Table 2 . Meanwhile, significant reduction of carbon 260 content (75.51 to 65.59 %) and increased phosphorus content (0.13 to 0.41 %) were observed 261 on the surface of the powders treated with 2000 ppm CO2 only. 262
These surface atomic compositions obtained from XPS analyzes were converted into lactose,M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT (Gaiani et al., 2006; Kim et al., 2002; Nikolova et al., 2015) . As presented in Table 2 , carbonation 265 was found to significantly reduce the amount of surface fat and increase lactose, protein and 266 minerals. Moreover, increasing the amount of CO2 treatment to 2000 ppm have further reduced 267 the surface fat content and increased protein content of the resulting powders. 268
In addition, fat was found to dominate the surfaces of both commercial and untreated spray 269 dried WMP, similar to those reported by others (Kim et al., 2002 (Kim et al., , 2009a . However, some of 270 the published works have reported surface fat coverage as high as 98%, whereas the values 271 obtained in our study are lower (58.1 % for commercial WMP and 51.5 % for untreated WMP). 272
It was also reported that WMP surface was covered with 2% lactose and negligible amount of 273 protein (Kim et al., 2002 (Kim et al., , 2009b , while the surfaces of commercial and untreated WMP in this 274 study were found to be covered with 26.5 and 29.7 % lactose, and 15.4 and 18.3 % protein, 275
respectively. These differences may be attributed to dissimilar spray drying processes, or 276 homogenization procedures (Kim et al., 2009a) . Additionally, the matrix formula used in this 277 study was more accurate, because a real matrix formula was applied (with pure milk 278 compounds analyzed by XPS) instead of a theoretical formula (calculated from the chemical 279 formula of the milk compounds) which systematically overestimates the surface fat (Gaiani et 280 al., 2006) . In comparison, the surfaces of both treated WMP were dominated by lactose and 281 protein, not fat, which is similar to the surface composition of SMP reported elsewhere (Gaiani 282 et al., 2006; Kim et al., 2002; Murrieta Pazos et al., 2012; Nijdam and Langrish, 2006; Vignolles 283 et al., 2007) . These results were supported by SEM images, which showed a relatively smooth 284 Table 1) . The decreasing trend of oxygen content 292 during storage is inconsistent with others who have reported that the amount of oxygen on 293 WMP surface increased after 2 days of storage at 40 °C as oxidation of surface fat resulted in the 294 uptake of oxygen (Kim et al., 2002) . Meanwhile, no calcium or phosphorus were detected on the 295 surface of the commercial powders during storage, which is in agreement with others (Gaiani et 296 al., 2006; Murrieta Pazos et al., 2012) . In comparison, the amount of surface calcium of all of the 297 spray dried powders were observed to decrease significantly over time, while the surface 298 phosphorus content was significantly reduced for the 2000 ppm CO2-treated powders only. The 299 reduction in surface calcium and phosphorus content suggests a decrease in protein content on 300 the surface of the powder as confirmed in Table 2 . 301
Carbonation was also found to have effect on the surface composition of WMP during storage. 302
For all powders, surface fat content significantly increased over storage, while the amount of 303 lactose and protein significantly decreased ( Table 2) . In comparison to the fresh powders, after 304 two weeks of storage, the surfaces of both treated WMP were dominated with fat rather than 305 lactose and protein. The domination of fat on the surface significantly increased over time and 306 may be due to some fractions of fat being melted at high storage temperature, causing it to 307 present in a mobile fluid form that allows migration towards the surface and spread (Murrieta 308 Pazos et al., 2012; Nijdam and Langrish, 2006) . Despite the increasing amount of surface fat 309 during storage, after 18 weeks of storage, the surface of CO2 treated powders were still covered 310 with significantly lower fat content (88.4 % for 1000 ppm and 69.1 % for 2000 ppm CO2) than 311 the untreated (94.2 %) and commercial powders (95.3 %). The high amount of surface fat in 312 commercial WMP (increased from 58.1 to 95.3 %) is also supported by SEM observations which 313 demonstrated a different surface after 18 weeks of storage (Figure 1 -A2 and C2) . 314 M A N U S C R I P T
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Free fat quantification by solvent extraction (Table 3 ) involves those present in pores, cracks 317 and on the surface of the powder, while XPS analysis ( Table 2 ) only measures the amount of fat 318 on the surface. Thus, differences are expected between the two analyzes. 319
Carbonation of whole milk concentrates was found to have insignificant effects (P>0.05) on the 320 amount of free fat, with those in the commercial powders was significantly lower (P<0.05) than 321 the spray dried powders treated with 2000 ppm CO2 ( Table 3) . Since carbonation at 4 °C was 322 found to induce fat coalescence (Kosasih et al., 2015) , this result may be attributed to the larger 323 fat droplets in milk concentrates which has been reported to produce powders with greater 324 amount of free fat (Vignolles et al., 2007; Ye et al., 2007) . The increase of free fat content due to 325 carbonation is also certainly linked to the surface area of the powders. As the treated WMP 326 particles are smaller, free fat extraction will be more important (Buma, 1971) . Additionally, no 327 significant differences (P>0.05) were observed in the encapsulated fat contents between treated 328 and untreated powders. On the other hand, the sum of free and encapsulated fat fractions were 329 not exactly equal to the total fat content. This difference was also observed by others (Kim et al., 330 2009a, b; Murrieta Pazos et al., 2012) and may be due to losses during the extraction as some fat 331 may remain on the filter paper and glassware. 332
Effect of carbonation on WMP during storage 333
The spray dried powders in this study were produced from milk concentrates prepared by 334 reconstitution of the commercial WMP. Thus, it can be assumed that the commercial and spray 335 dried powders will have the same amount of total fat, which were found to range between 30-336 33 % ( Table 3 ). The total fat content was also assumed to be the same during storage, but the 337 amount of free and encapsulated fats may vary. 338
The free fat fraction of all powders did not change significantly during storage. However, after 339 storage of two weeks and beyond, the free fat content of the spray dried powders (treated andM A N U S C R I P T
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during storage which caused them to have larger surface area (Murrieta Pazos et al., 2012; 343 Tamsma, 1959) . Thus, at the same length of time, more fat may be extracted. 344
Meanwhile, the encapsulated fat content of all powders was found to significantly decrease after 345 18 weeks of storage. The reduced amount of encapsulated fat in the commercial powders may 346 be caused by the migration of free fat towards the surface (Thomas et al., 2004) , which was 347 clearly visible through CLSM images (Figures 1 and 4) and XPS results. This movement was 348 expected to increase the amount of free fat (solvent extraction) and surface fat (XPS). However, 349 significant changes were only observed for surface fat content. This could be due to the 350 presence of cracks in industrial powders that may interfere with solvent penetration during 351 extraction (Tamsma, 1959; Vignolles et al., 2007) . On the other hand, the decreasing trend of 352 encapsulated fat content for the spray dried WMP may be caused by the migration of fat 353 towards the internal air spaces. Microscopy observations have suggested that other than the 354 surface, fat also migrated into the air/vacuole spaces in the powder structure (Figure 4) . 
Bulk density and interstitial air content 362
Carbonation of milk concentrates had no effects on bulk density and interstitial air content of 363 the resulting powders during storage. Meanwhile, all of the spray dried powders were found to 364 have significantly lower bulk density and higher interstitial air content than the industrial WMP. 365 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT with wide particle size distribution, as seen in Figures 2 and 3 . Consequently, interstitial air 369 content increased, leading to reduced compactness. 370
During storage, bulk density of the commercial powders did not change, while the interstitial air 371 content significantly increased after 18 weeks. For the untreated WMP, bulk density and 372 interstitial air content were found significantly increased and decreased, respectively, over time. 373
Meanwhile, for both treated WMP, the results were inconclusive as the values fluctuate with 374 time. This may be attributed to the small particle size and its tendency to form various sizes of 375 agglomerates. 376
True density and occluded air content 377
True density is influenced by the amount of air entrapped in the particles. In this study, no 378 significant differences were observed for WMP treated with 1000 ppm CO2, whereas those 379 treated with 2000 ppm CO2 were found to contain significantly higher amount of occluded air. 380
Concurrently, the 2000 ppm powders have a lower true density as air entrapped in the particle 381 is inversely correlated to the true density. As described in Table 4 , occluded air content of the 382 treated powders (2000 ppm) was about 8 times greater than the untreated powders and 18 383 times greater than the commercial powders. This result was supported by the CLSM images as 384 seen in Figures 1, 2 and 3 . According to Lee, (2014) and Skanderby et al., (2009) , the presence 385 of air in milk concentrates is responsible for the achievement of internal porosity in the 386 resulting powders. Therefore, high amounts of occluded air in the treated powders were 387 expected as the carbonated milk concentrates in this study were not degassed prior to spray 388
drying. 389
During storage, the occluded air content of the treated powders decreased. However, these 390 reductions were not statistically significant. Nevertheless, the release of entrapped air indicated 391 that the powder particles collapsed (Aguilar and Ziegler, 1994; Thomas et al., 2004) , and 392 resulted in increased bulk density. Economically, manufacturers are interested in high bulk 393 density to reduce the transport volume and save packing materials and storage capacityM A N U S C R I P T
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consequently decreased reconstitutional properties due to limited contact area for water 396 interaction, which are not desirable for consumers (Aguilar and Ziegler, 1994; Thomas et al., 397 2004) . 398 3.5. Evolution of functional properties of the powder during storage and with CO2 399 treatment 400
Effect of carbonation on fresh powders 401
The ability of milk powder to instantly dissolve in water is affected by several factors, including 402 wettability, dispersibility and solubility. Wettability is the ability of powder to absorb water on 403 the surface and to penetrate the surface of still water (Sharma et al., 2012) . Dispersibility is a 404 measure of how easily lumps or agglomerates break into individual particles in water, and 405 solubility measures the amount of powder that can be brought into solution or stable 406 suspension (Sharma et al., 2012) . 407
In this experiment, all WMPs did not wet within 5 minutes (results not shown). These results 408
were expected as the spray dried powders were not agglomerated and/or lecithinated as in 409 commercial WMP production. Meanwhile, the incapability of industrial WMP to wet within 5 410 minutes may be attributed to the presence of surface free fats (Table 2 and 3), which render 411 the powder surface hydrophobic (Bhandari, 2013; Kim et al., 2009a, b) . 412
Carbonation at 2000 ppm was found to significantly (P<0.05) reduce the dispersibility and 413 solubility of the resulting powders (Figures 5A and 5B) . This result contradicts the XPS 414 analysis that showed significant reduction in surface fat content and increase in surface protein 415 and lactose contents of the treated powders ( Table 2) . Lactose and protein are soluble in water, 416 therefore the treated powders should have improved reconstitutional properties. This adverse 417 effect may be attributed to the very fine size and increase in interstitial air content of the treated 418 powder ( Table 4) . It has been reported that when milk powder is added to water, capillary 419 forces attract water molecules to move toward the powder particles located on and above the 420 surface to replace interstitial air, which is often incomplete due to insufficient amount ofM A N U S C R I P T
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particles, creating lumps that are wet and swollen outside and dry inside, and are difficult to 423 dissolve, even with strong agitation (Skanderby et al., 2009) . Additionally, the dispersibility of 424 all of the spray dried powders was lower than the commercial powders. These results were 425 expected because as mentioned before, the spray dried powders in this study were not 426 agglomerated after spray drying. Thus, they have less desirable reconstitutional properties than 427 the industrial WMP. 428
Effect of carbonation of concentrates on WMP during storage 429
During storage, the dispersibility of industrial powders significantly (P<0.05) increased, 430
whereas the dispersibility of all of the spray dried powders decreased (about 10 %) (Figure  431 5A). These results were expected, although the increasing trend of dispersibility for industrial 432 powder is unusual. High amounts of free fat coverage on the surface of milk powder have been 433 associated with reduced dispersibility (Tamsma, 1959; Thomas et al., 2004) . Thus, dispersibility 434 of industrial WMP should decrease over time. One possible explanation is that the migration of 435 free fats toward the surface of particles caused the industrial powders to cake, therefore 436 producing large agglomerates that are more dispersible. Additionally, this contradicting results 437 may be due to poor reproducibility of these analyses as already demonstrated by others (Gaiani 438 et al., 2006) . 439
Similarly, the solubility of all powders were found to decrease significantly (P<0.05) after 18 440 weeks of accelerated storage. As shown in Figure 5B , industrial WMP has the least solubility 441 loss over storage (from 98.5 to 96.4 %), whereas WMP treated with 2000 ppm CO2 has the 442 greatest amount of loss (from 87.9 to 71.8 %). Meanwhile, at the end of storage, the solubility of 443 WMP treated with 1000 ppm CO2 (88.3 %) was greater than the untreated spray dried WMP 444 (83.8 %). This decreasing trend of solubility was expected as the amount of surface fat 445 increased during storage. Moreover, after 18 weeks storage, the XPS results showed that the 446 treated powders have significantly lower amount of surface fat than the commercial and 447 untreated WMP (Table 2), thus they were expected to have lesser amount of solubility loss. ThisM A N U S C R I P T
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the greater extent of solubility loss for the 2000 ppm CO2-treated WMP as compared to the 450 untreated and commercial powders may be attributed to the physical properties (Table 4) . It 451 may also be attributed to the amount of denatured protein during drying and storage (Thomas 452 et al., 2004) . According to (Thomas et al., 2004) , during spray drying, water molecules bound to 453 milk proteins are replaced by lactose, which do not impact the functionality when it is in 454 amorphous form. However, crystallization of lactose releases water molecules, causing 455 destabilization and modification of milk protein structures and resulting in enhanced non-456 covalent hydrophobic interactions to form high molecular weight protein aggregates that are 457 insoluble in water (Thomas et al., 2004) . Since, the powders in this experiment were produced 458 by reconstituting a commercial WMP, it can be assumed that these powders were subjected to 459 thermal processing twice as much, which would increase the amount of denatured proteins as 460 compared to the industrial WMP. 461 462
Conclusions 463
In this study, carbonation of whole milk concentrates was found to produce WMP with reduced 464 surface fat content, dispersibility, solubility and true density, and increased occluded air 465 content. Moreover, encapsulated fat content was found to decrease over the storage period, 466 while the amount of surface fat increased. In addition to the release of fat onto the surface, 467
Confocal Laser Scanning Microscopy observations have shown the migration of free fat into the 468 vacuoles. Meanwhile, dispersibility and solubility of the powders decrease during storage. 469
The decrease of surface fat content with CO2 treatment supported the hypothesis because this 470 suggests that there are less fat exposure to air, hence less chances of fat oxidation to occur, 471 resulting in powders with better shelf life, which needs to be investigated further. The surface 472 composition of the treated powders has also shown potential improvements in functional 473
properties. However, this expectation was not met due to the spray dried particles produced by 474 a laboratory scale dryer which is very small in size. Therefore, additional investigations should 475 Table 2 . Powder surface composition in lactose (Lac), proteins (Prot), fat and minerals (Min) calculated from XPS data (Table 1 ) using a matrix formula (mean of two independent analysis). Table 3 . Fat fraction evolution of commercial WMP (C), spray-dried WMP untreated (0), spray-dried WMP treated with CO2 at 1000 ppm (1) and spray-dried WMP treated with CO2 at 2000 ppm (2) during 18 weeks storage at 37 °C. 
